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Abstract: In this study, the design of a dual-band mode converter, which provides transition from rectangular waveguide T E10 mode to circular waveguide T M01 mode and operates simultaneously in telemetry/telecommand (TT&C)
frequencies, is presented along with its equivalent circuit and a mode level measurement technique. This dual-band
converter is designed to uniformly excite TT&C slot antennas used in satellite communication with symmetric circular
T M01 mode. The structure can work as a transceiver due to having one common rectangular waveguide feed. As a
Ku-band application, a converter giving high purity T M01 mode at circular waveguide at 11.75 GHz/TX and 13.75
GHz/RX center frequencies is designed and manufactured with 3D printing technology. Approximate equivalent circuit
models of the designed structure are extracted by using lumped elements from simulated S-parameter results. In addition, a measurement technique to detect the normalized power levels of different propagation modes in dual-band mode
converter is applied on the manufactured structures to obtain transmission levels of circular T M01 mode and suppression
levels of circular T E11 mode. It is revealed from the measurement results that while the designed structure gives more
than 17.5 dB return loss and suppression of T E11 mode, and less than 0.6 dB insertion loss of T M01 mode within 500
MHz bandwidth at TX band, it gives more than 23 dB return loss and suppression of T E11 mode, and less than 0.3 dB
insertion loss of T M01 mode within 900 MHz bandwidth at RX band.
Key words: Dual-band, circular waveguide, mode converter, equivalent circuit model, mode level measurement technique, additive manufacturing

1. Introduction
Waveguide structures in microwave systems are known to have better power capacity, loss performance, and
mechanical resistance to environmental effects as compared to coaxial and microstrip structures especially at the
microwave frequencies above 1 GHz [1]. Rectangular waveguides are most frequently used type of waveguide;
however, they are generally used in single mode which is dominant mode of T E10 mode for rectangular
waveguide. Multimode or higher-order mode usage for rectangular waveguides is of little in interest in the
microwave or antenna applications. The circular waveguides are also popular waveguide types, which can be
employed with multimoded, overmoded, hybrid, or higher-order mode operations. The fundamental (dominant)
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propagation mode of electromagnetic waves in circular waveguides is T E11 mode, whose fields resemble to those
of T E10 mode of rectangular waveguide. However, in different applications, different propagation (higher-order)
modes may need to be solely excited [2, 3], or they should be excited together with dominant T E11 mode [4].
For example, in antenna applications, while circular T E21 mode is used to set null in the broadside direction
of radiation pattern in track couplers [5], the proper percentages of T E11 and T M11 multimodes are combined
in dual-mode horn antenna [6] or corrugated conical horn antenna [7] being used as feed horns in reflector
antenna systems. In high power microwave (HPM) applications, circular T E10 and T M01 modes are preferred
in cyclotrons, gyrotrons, and relativistic backward wave oscillators [2, 8-10]. Besides, while circular T E01 mode
provides lowest conducting loss among all possible modes and waveguide types, which is suitable to carry power
for long distances, circular T M01 mode having cylindrical symmetry in magnetic field across the cross-section
of circular waveguide can provide omnidirectional pattern for the high gain antennas, which contain slots being
excited with equal amplitude and phase on the waveguide [11, 12].
As being the focused circular waveguide’s mode in this study, circular T M01 mode is also preferred in
omnidirectional waveguide antennas being used for telemetry and telecommand applications (TT&C) of satellite
communication to provide uninterrupted data transmission between space and ground stations. These TT&C
antennas are generally low-gain antennas (typically 2 to 5 dBi) to increase the coverage in elevation plane within
the beamwidth of 40° to 60° [4, 13-16]. Therefore, these antennas usually contain one group of slotted array,
which is placed in a geometrically symmetric way on the constant axial position (height) of circular waveguide.
To provide omnidirectional radiation, there should be uniform radiation in azimuth plane and these slots must be
uniformly excited with T M01 mode, which is a symmetrical waveguide mode in terms of excitation of the slots.
Except for circular T M01 mode, all other propagation modes (dominant T E11 mode and other higher order
modes) break the symmetry/uniformity of the radiation and should, therefore, be suppressed in the circular
waveguide as much as possible.
As it can be observed from the antennas in [11-16], the mentioned omnidirectional antennas are generally
fed by either a coaxial type of connector (i.e. SMA or TNC) or a rectangular waveguide. Therefore, a transition
is needed for a mode conversion from TEM mode of coaxial line to circular T M01 mode or from T E10 mode of
rectangular waveguide to circular T M01 mode. For the applications with low RF/microwave power, coaxial feed
with an inner pin/connector extending towards circular waveguide can be suﬀicient to give T M01 mode with
high purity and suppress other modes significantly. However, dielectric materials and coaxial type connectors
are not preferred in HPM applications and the structure of mode converter should be fully metal, which forces
a feed structure being only rectangular waveguide. In high-orbit satellites such as geostationary orbit (GEO)
satellites, where the distance with the earth can be very long, TT&C systems can use RF power of more than
100 W especially at Ku-band or upper bands. This high amount of power is generally carried to antenna part of
TT&C system via rectangular waveguides such as WR-75 at Ku-band. Therefore, a mode converter is needed
to convey microwave power on the rectangular waveguide with T E10 mode to the slots on antenna excited with
circular T M01 mode.
TT&C systems can use multiple distinct frequencies within separate telemetry (TX/downlink) and
telecommand (RX/uplink) bands. For instance, at Ku-Band while 11.5 GHz and 12 GHz can be selected
as telemetry frequencies, 13.5 GHz and 14 GHz can also be chosen for telecommand operations according to
frequency allocation. Therefore, dual-band components can be designed to execute simultaneous operations of
telemetry and telecommand in satellite systems. Besides, the bandwidth of these components should not be
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quite narrow that a reasonable bandwidth for each TX and RX bands should be satisfied to cover multiple
frequencies, which might be 0.5 GHz apart from each other in the same band. In the literature, there exist
rectangular T E10 mode to circular T M01 mode converters [9, 10, 15-17], which are composed of just conducting
materials and have no dielectric. However, all these converters are single band structures, which can only cover
one of the bands in telemetry and telecommand systems. Although there is a study for a dual-band converter
from rectangular T E10 mode to circular T E11 mode [18], a dual-band rectangular T E10 mode to circular T M01
mode converter along with its equivalent circuit modeling and measurement results for normalized power levels
of the propagation modes does not exist in the literature, to the best of our knowledge.
In mode converter, it is important to obtain the insertion loss for the desired mode and the suppression
levels of undesired modes inside the waveguide to verify the designed structure. In most of the studies mentioned
above, the values for these losses and levels are generally presented with simulation results. For the studies
also including measurement results [17, 18], the desired mode is implicitly explained to be transmitted with
high purity; however, there are no direct numerical values about the normalized power levels of desired and
undesired modes. A method in [19] is proposed to measure the ratio of desired circular T M01 mode to undesired
circular T E11 mode for a rectangular T E10 mode to circular T M01 mode converter as in this study. However,
this method is based on taking many measurements by placing a probe at many different points in the axial
direction of the circular waveguide, which includes complex measurement setup and manufacturing diﬀiculties.
Besides, it is generally suitable to calculate values at a single frequency, and the results cannot be obtained at
every frequency even within single band. As a relatively simpler alternative method, normalized power level
(insertion loss) of desired T M01 mode might be roughly measured by putting an SMA connector (as given in
the studies of [11, 12] into the circular waveguide output of the converter. However, this connector should be
highly matched within wide bandwidth to cover all the frequencies in dual-band such that even -10 dB matching
can give 0.5 dB error (extra loss) in the measured values for insertion loss of T M01 mode where these values
are actually at most 0.5 dB. Besides, the connector cannot measure or give any information about suppression
value for undesired T E11 mode.
In this study, a method, which was proposed and verified for a single band rectangular-to-circular
waveguide converter by authors’ previous study in [20], is applied to obtain the approximate normalized power
levels of desired T M01 mode and undesired T E11 mode simultaneously in a dual-band rectangular T E10 mode
to circular T M01 mode converter.
The organization of the manuscript is as follows; in Section 2, the details about design steps for a
dual-band mode converter to operate at Ku-band telemetry and telecommand frequency bands around the
center frequencies of 11.75 GHz and 13.75 GHz, respectively, are given along with simulation results. The
microwave equivalent circuit model for each band is also described in the same section. In Section 3, the
approximate method to get measured normalized power levels of circular waveguide modes in the waveguide
is briefly explained, and the corresponding measurement results for the structures manufactured with 3D-PLA
printing and metal spray, and 3D-metal printing one by one are presented. Section 4 concludes the study.
2. Proposed dual band rectangular T E10 mode to circular T M01 mode converter
2.1. Design steps and simulation results
The proposed dual-band rectangular to circular waveguide transition, which converts rectangular waveguide’s
T E10 mode to circular waveguide’s T M01 mode or vice-versa, is depicted in Figure 1. The view depicted in
Figure 1 is half of the entire structure (cut-view on xz plane (y = 0 plane)) and the other half is exactly mirror
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symmetric with respect to xz plane. In this study, since the design is demonstrated for a Ku-band application,
the rectangular waveguide (port 1 in Figure 1) is selected as standard WR75 rectangular waveguide for Kuband, which has the inner dimensions of 19.05 mm width and 9.525 mm height to cover 10-15 GHz band. In
this design, the center frequencies for telemetry (TX) and telecommand (RX) bands are selected as 11.75 GHz
and 13.75 GHz, respectively. Therefore, the diameter of the output circular waveguide (port 2 in Figure 1)
should be selected to allow propagation of T M01 mode over circular waveguide by giving cutoff frequency
below 11.75 GHz. Besides, this diameter should be selected properly in order to suppress undesired modes in
the converter such as higher-order T E21 mode and further higher-order modes. Therefore, the diameter should
give a cutoff frequency above 13.75 GHz for T E21 mode, which makes this mode (and other higher-order modes)
significantly attenuating along output circular waveguide. By considering these constraints, the diameter for
output circular waveguide is selected as 20.4 mm, which corresponds to cutoff frequencies of about 11.25 GHz
and 14.25 GHz for T M01 and T E21 modes, respectively [1]. However, T E11 mode in a circular waveguide is
the fundamental mode and has cutoff frequency of approximately 8.62 GHz for a diameter of 20.4 mm, which
is lower than that of T M01 mode. Consequently, undesired T E11 mode can propagate in both TX and RX
bands without attenuating through and after the output circular waveguide, which brings the necessity that it
should be suppressed before it reaches the output.

Figure 1. The cut views for the design of dual-band mode converter proposed in this study and its dimensions.

The parts of the iris and one section cavity below the iris in Figure 1 are used to make an effective
suppression of undesired T E11 mode at both bands. In [15], the optimum dimensions of the cavity are given
for a single band operation such that the diameter of the cavity (21 mm in Figure 1) should be 0.5 λg,T M01 (half
of the guided wavelength of T M01 mode), and the length of the cavity (vertical distance between the bottom
metallic short-circuit termination and center line of rectangular waveguide, which is 34.4 mm in Figure 1) should
be odd integer multiplies of quarter of the guided wavelength of T M01 mode. With this proper selection of cavity
length, low impedance at the bottom metallic short circuit is transformed as high impedance for T E11 mode
at the center line of rectangular waveguide. Since this high impedance is added as series with the impedance
transformed from output circular waveguide to center line as described in [15], a significant amount of level of
undesired T E11 mode is reflected back to the rectangular waveguide, which results in considerable suppression
of T E11 mode at the output circular waveguide. Although the dimensions of 21 mm and 34.4 mm in Figure 1
are close to these optimum dimensions such that the cavity length of 34.4 mm corresponds to almost 1.25 λg,T E11
at RX band around 13.75 GHz, they do not satisfy desired values of electrical path length at TX band around
11.75 GHz. This explanation is also supported with simulation results given in Figure 2a. The simulation
S-parameters for T E11 mode is obtained with CST Microwave Studio by keeping all other dimensions in Figure
1 constant and changing diameter of iris from d = 13.4 mm to d = 20.4 mm, which is equal to diameter of
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output circular waveguide. Therefore, the case with d = 20.4 mm becomes the case of “without iris”. When
simulation S21,T E11 values for “without iris” case are observed although there is a significant suppression of
T E11 mode (better than 15 dB for 13.5-14 GHz band), the suppression is not suﬀicient being less than 10 dB at
TX band around 11.75 GHz. The converter structure for “without iris” case shows single band characteristics
with these simulation results.

Figure 2. Simulation S-parameters for the proposed dual-band mode converter structure, (a) S21 values of circular
T E11 mode without iris (d = 20.4 mm case) and with iris (d = 13.4 mm case), (b) All S-parameters results for the
structure in Figure 1.

In order to improve the suppression values of T E11 mode at especially TX band, an iris is added in the
proposed dual-band mode converter. The dimensions of the iris (thickness of 3.3 mm and diameter of 13.4 mm)
is optimized in CST Microwave Studio to give high impedance of T E11 mode at the center line of rectangular
waveguide for TX band. When S-parameters in Figure ?? for d = 13.4 mm (“with iris” case) is examined, the
suppression values for T E11 mode is remarkably increased for TX band around 11.75 GHz as compared to the
case of “without iris” while the addition of iris has little effect on T E11 mode suppression at RX band. As the
last design step of the structure, an E-plane step is added in the rectangular waveguide to improve S11 values of
mode converter at both bands such that it does not have any noticeable effect on the suppression performance
of T E11 mode for both bands. The improvement in S11 values results in lower insertion loss values for the
desired circular T M01 mode.
The simulation S parameter results of the proposed dual band converter given in Figure 1 along with the
optimized dimensions described in the preceding paragraphs are demonstrated in Figure ??. The material used
in the simulation is aluminum with electrical conductivity of σ = 1.7 × 107 S/m . It is found that return loss
and suppression values of undesired T E11 mode and return loss are more than 17.5 dB at transmitter band
of 11.5-12 GHz and receiver band of 13.5–14 GHz. Besides, the insertion loss of desired T M01 mode is quite
low as 0.16 dB at most in these bands. T E21 mode, which is the next higher order mode after T M01 mode,
is found to have suﬀicient suppression (higher than 30 dB at both bands) since both frequency bands fals into
cutoff region for T E21 mode. Therefore, T E21 mode and further higher-order modes will not be taken into
consideration in the following sections of equivalent circuit model and technique to measure modes’ normalized
power levels. In view of all these results, the proposed structure can be concluded to operate as dual-band
rectangular T E10 mode to circular T M01 mode converter from simulation results.
2.2. Equivalent circuit modeling of the designed dual band mode converter
In this subsection, the effects of the parts in the proposed dual-band mode converter described in design steps in
Section 2.1 are explained by demonstrating the equivalent circuit models of these parts with lumped elements or
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distributed elements such as coaxial lines. Afterwards, full equivalent circuit equivalent model of the structure
is formed and developed by combining/connecting these submodels properly in series or parallel. The dual-band
mode converter depicted in Figure 1 is composed of a Tee junction structure, whose common (main) arm is
rectangular waveguide, and upper and lower arms are circular waveguides. The electric field for T E10 mode
inside rectangular waveguide is along z axis in Figure 1 and since upper and lower sides are divided along
electric field direction of rectangular waveguide, the proposed converter can be considered an E-plane (series)
T-junction. Accordingly, the equivalent circuit model given for E-plane rectangular waveguide T-junction is
used where circuit elements of side branches are connected in series to each other, and they are also series
with circuit elements of rectangular waveguide (RWG) [21]. However, overall equivalent circuit model of the
dual-band mode converter is not as simple as that of regular E-plane rectangular waveguide T-junction such
that the proposed structure also contains the parts of an E-step in the rectangular waveguide, a thick iris in
lower arm, which is short-circuited at its end, and circular waveguides in collinear arms with different radii.
Besides, both circular waveguide (CWG) modes of T E11 and T M01 should be considered, which gives two
output ports in the model. The equivalent circuit modeling of the overall structure containing all these parts
and modes is given in Figure 3, and it is constructed and simulated with AWR Microwave Oﬀice. Besides, in
Table 1, it is given to which part these lumped circuit elements belong to and their values which depend on
frequency band (TX/RX) and mode.

Figure 3. Equivalent circuit model of the designed dual-band mode converter structure (all length dimensions are in
mm).

T M01

In Figure 3, Port 1 is the input rectangular waveguide port and Port 2 and Port 3 represent T E11 and
modes at the circular waveguide output, respectively. In the equivalent circuit model, the structure

has a main branch and two side branches (circular waveguides) in series. The rectangular waveguide model
is available in AWR Microwave Studio. Therefore, a WR75 rectangular waveguide (WG1) with a length of 5
mm is inserted after port 1. E-plane step between WG1 and WG2 is modeled with a shunt capacitor (C1) for
rectangular T EM N = T E10 mode according to [22]. After E-plane step, there is another rectangular waveguide
(WG2) with 5.1 mm in height and 10.3 mm in length. The output (left) side of WG2 is the intersection region
for T-junction structure that the equivalent circuits for each circular waveguide modes of T M01 and T E11 are
connected in parallel to this region as given in Figure 3. According to the circuit model given in [21] for E-plane
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Table 1. Capacitor (pF) and inductor (nH) values in the equivalent circuit model for the transmit (TX) and receive
(RX) frequency bands.

ID
C1
C2
C3
C4
C5
C6/C7
C8
C9
C10
L1
L2
L3/L4
L5
L6
L7

The part and mode in model
E-step, rectangular T E10 mode
T-junction, circular T M01 mode
T-junction, circular T M01 mode
Iris, circular T M01 mode
T-junction, circular T M01 mode
Iris, circular T E11 mode
T-junction, circular T E11 mode
T-junction, circular T E11 mode
T-junction, circular T E11 mode
T-junction, circular T M01 mode
T-junction, circular T M01 mode
Iris, circular T M01 mode
Iris, circular T E11 mode
T-junction, circular T E11 mode
T-junction, circular T E11 mode

TX (fc = 11.75GHz)
0.014
1.39
0.224
0.252
0.0101
100
0.01
0.076
0.033
1.25
3.81
1.02
2.24
0.86
0.82

RX (fc = 13.75GHz)
0.026
0.23
0.062
0.3
0.037
34.3
0.01
0.164
0.03
2.57
0.45
0.74
2.16
0.52
0.795

Tee junction, two inductors and a capacitor (L1, L2 and C5 for T M01 mode; L6, L7 and C10 for T E11 mode
in Figure 3) are placed at the rectangular waveguide side of intersection region for E-plane Tee junction. There
is one shunt capacitor placed for each circular waveguide (lower and upper) side of the intersection region (C2
and C3 for T M01 mode, C8 and C9 for T E11 mode). The iris structure in the lower arm (in the lower circular
waveguide) is given with a T-circuit model containing two series identical inductors (L3 and L4) and a shunt
capacitor (C4) for T M01 mode, and two series identical capacitors (C6 and C7) and a parallel inductor (L5)
for T E11 mode [22].
Although there is a ready model for rectangular waveguide (such as WG1 and WG2) in AWR Microwave
Oﬀice, a direct model for circular waveguide is not available. Therefore, the circular waveguide below the iris
with a diameter of 21 mm is modeled with a coaxial line (CX1 and CX2) with a physical length of 28.5 mm and
terminated with a short circuit. The upper circular waveguide having the diameter of 20.4 mm is also modeled
with a coaxial transmission line (CX3 and CX4) terminated with corresponding port (mode). In simulation of
circuit model with AWR, since all structures and ports are waveguide types, the corresponding port and wave
impedances and effective relative permittivity values (for the coaxial transmission lines), which are frequencyand mode-dependent in the constructed model, should be defined and added to model. For this purpose, the
expressions 1–4 are used.
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√
ZT E10 = 377/ 1 − (fc,T E10 /f )2

(1)

√
ZT E11 = 377/ 1 − (fc,T E11 /f )2

(2)
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ZT M01 = 377 ×

√
1 − (fc,T M01 /f )2

(3)

KT E11 = 1 − (fc,T E11 /f )2 , KT M01 = 1 − (fc,T M01 /f )2

(4)

Here, fc is the cutoff frequency for the given mode, which depends on the cross-section dimensions of
the waveguide (width dimensions for rectangular waveguide and diameter for circular waveguide), and K is
the effective relative permittivity added to model so that transmission lines can show the waveguide effect.
Conductor loss of the circular waveguides are also included in the model by taking attenuation constant values
of each mode from simulation realized by CST Microwave Studio and inserting them as A value in coaxial lines
in Figure 3. By using physical length values for rectangular waveguides and circular waveguide in upper arm,
although the successful results were obtained for the magnitude responses, some S-parameters were needed to
be improved for better phase response matching between CST simulation results and circuit models. For this
purpose, the length values of some waveguide sections are optimized to be different than the corresponding
physical length dimensions of these sections, which corresponds to utilization of some delay lines to some of
these sections. The optimized equivalent length values of these waveguide sections are given in Table 2 along
with corresponding physical length dimensions of the same sections.
Table 2. Physical length dimensions (mm) of waveguides in the CST simulation, and equivalent lengths (mm) in circuit
models at transmit (TX) and receive (RX) bands.

ID
WG1
WG2
CX3
CX4

Description
RWG between port 1 and E-plane step
RWG from E-plane step to T-junction
CWG in upper arm (for T M01 mode)
CWG in upper arm (for T E11 mode)

CST simulation
5
10.3
33.9
33.9

Model (TX)
7.05
10.5
23
36.5

Model (RX)
5.2
5.5
46
46.7

After constructing the overall circuit model of dual-band mode converter, the lumped element and
equivalent length values in Figure 3 (the values in Tables 1 and 2) are optimized by using Tune tool of AWR
Microwave Oﬀice. These values are found by taking S-parameter results obtained from CST Microwave Studio
and making the responses gathered from AWR as close as possible to those of CST. By using the values in Tables
1 and 2, the corresponding S-parameter values ( S11 , S21,T E11 , S21,T M01 ) for the equivalent circuit model in
Figure 3 are shown in Figures 4a and 4b.
It should be noticed that both magnitude and phase results are given in these figures to verify that
the proposed circuit is properly modeling the dual-band. When the results of the circuit model are compared
with the simulation results obtained with CST Microwave Studio, both results can be evaluated as highly close
to each other. In the model and analysis, it is assumed that these values do not change significantly within
the frequency bands around 11.75 GHz and 13.75 GHz; therefore, constant values of lumped elements selected
specific to each band (TX and RX band) are obtained and used. However, the mentioned lumped element
values are actually frequency-dependent [22], which can be the reason of slight discrepancies especially around
edge frequencies in the bands. Consequently, the equivalent circuit model given in Figure 3, which contains
lumped elements and coaxial transmission lines, is shown and verified to be the equivalent circuit model for the
proposed dual-band rectangular T E10 mode to circular T M01 mode converter.
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Figure 4. Magnitude and phase of S-parameters results obtained from equivalent circuit model and CST simulation for
TX (left) and RX (right) bands (a) S11 and S21,T E11 values (b) S21,T M01 values.

3. Manufactured dual band mode converter and measurement results
After the design of the proposed dual-band mode converter is completed and its simulation S-parameters
and circuit model is obtained, the proposed structure is manufactured by using additive manufacturing (AM)
technologies to verify the design with measurement results. Before these measurement results, a measurement
technique to approximately obtain normalized power wave levels (S parameters) of T E11 and T M01 modes in
circular waveguide simultaneously is explained in Section 3.1.
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3.1. Method for calculation of power levels (S-parameters) of modes
As explained in Section 1, the measurement of modes’ S-parameters of the structure in Figure 1, whose one port
is rectangular and other is circular, is hard to obtain by using just the structure itself. In the proposed method, to
measure power levels simultaneously, two identical dual-band mode converters are used and connected back-toback over circular waveguide ports as shown in Figure 5. In this combined structure, the input and output ports
(port 1 and port 2) become rectangular waveguides (WR75 for Ku-band of this study) that the measurement
of S11 and S21 values ( S11,combined and S21,combined ) for this setup can be easily collected. The microwave
network diagram of this measurement setup is presented in Figure 5 with incident and reflected power waves
( ai and bi waves in Figure 5, respectively). Here, each mode in each converter is modeled as a 3-port network
having one mode in the rectangular waveguide and two modes in the circular waveguide such that port numbers
are consistent with the circuit model given in Figure 3. According to network diagram in Figure 5, the measured
S parameters for the combined structure can be expressed as S11,combined = b1 / a1 and S21,combined = b4 /
a1 provided that port 2 is matched ( a4 = 0). The proposed method aims to get S-parameters of individual
dual-band mode converter, which are S11 = b1 / a1 , S21,T E11 = b2 / a1 and S21,T M01 = b3 / a1 provided
that a2 = 0 and a3 = 0, from the measured S parameters of S11,combined and S21,combined . The microwave
network diagram for each mode converter gives a 3 × 3 scattering matrix. By considering the network diagram
for the combined structure, which is 0° back-to-back case, these scattering matrices can be written with the
notations of S21,T E11 = S21 and S21,T M01 = S31 as:
  
 
b1
S11 S21 S31
a1
b2  = S21 S22 S32  a2 
b3
S31 S32 S33
a3
 
  
a4
b4
S11 S21 S31
a2  = S21 S22 S32   b2 
b3
S31 S32 S33
a3

(5a)

(5b)

Here, it can be noticed that some matrix elements are the same due to reciprocity property of the passive
mode converter structure. In Equation 5, there are 6 unknowns needed to be found, and three of them ( S11 ,
S21 , and S31 ) give return loss and insertion loss values of the dual-band converter. However, just for 0° backto-back case, there are only 2 measurement values, which are not enough to solve and obtain 6 unknown values.
Hence, 4 additional measurement values are needed. In the proposed method, these additional measurement
values come from 2 additional measurement setups of 90° back-to-back case and 180° back-to-back case as shown
in Figure 5. These configurations can be obtained by rotating the second mode converter on the top by 90°
and 180° with respect to fixed first converter on the bottom where rotation axis is z-axis in Figure 1. For the
network diagram equations of the combined structures at these new angle values, while S matrix in Equation
5a remains the same, the S matrix in Equation 5b should be modified. In the modified matrix, since circularly
symmetric T M01 mode has the same contribution coeﬀicients at 0°, 90°, and 180° cases, S31 values for 90° and
180° cases are the same as that of 0° case. On the other hand, since circularly asymmetric T E11 mode has the
contribution coeﬀicients proportional with 1, 0, and -1 at 0°, 90°, and 180° cases, respectively; S21 values in
Equation 5b should be replaced by 0 for 90° case, and - S21 for 180° case.
The S-parameters in Equation 5 can be calculated from 6 measurement values of the combined setup
configurations for 0°, 90°, and 180° cases. However, as described in [20], the equations, which relate the
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Figure 5. Microwave network diagram of the combined structure (left), and two mode converters connected back-to-back
at different angles of 0°, 90°, and 180° (right) [20].

measurement values for the combined structures with S-parameters of the individual mode converter, are highly
nonlinear. For the exact solutions of these parameters and desired S-parameters of manufactured individual
mode converter, complex optimization tools or algorithms may be needed. In [20], these nonlinear equations
are simplified to linear equations by using some reasonable approximations such as |S11 | << 1, |S33 | << 1,
|S22 | ∼
= 1 and |S31 | ∼
= 1 where more details about these linear equations can be found in the same study.
Consequently, the desired S-parameters of manufactured mode converter can be approximately obtained in a
much simpler way by using this method. The method, which was verified for a single band mode converter in
[20], is also used to extract measurement S-parameters of the proposed dual-band mode converter in this study.
3.2. Manufactured dual band mode converters and measurement results
The designed dual-band rectangular T E10 mode to circular T M01 mode converter described in Section 2 is
produced by using additive manufacturing techniques. These techniques also become quite popular to produce
microwave components and antennas due to its low cost, easy, and short production time as compared to CNCbased manufacturing [7, 20]. Two additive manufacturing techniques are used in this study to compare their
performances. The first technique is the one similar to the manufacturing process explained in [20], which
contains cheaper and faster production as compared to the second technique. Here, two mirror symmetric
(with respect to xz plane in Figure 1) pieces of the mode converter shown in Figure 6a are produced by a 3D
PLA (polylactic acid) printer. Then, both pieces are coated/sprayed with a metallic spray of MG Chemicals
843AR, which is silver-coated copper aerosol having electrical conductivity of about σ = 105 S/m [23]. Finally,
two pieces are sticked to each other by the help of single piece manufactured disk being placed at top, and
outer parts are coated with metallic tape. Second manufacturing is directly realized with a metal 3D printer
by using direct metal laser sintering (DMLS) where material used in the production is an aluminum alloy
(AlSi10Mg) having electrical conductivity close to the aluminum used in CST simulations ( σ = 1.7 × 107 S/m ).
Two identical pieces are again manufactured and attached to each other as given in Figure 6b to obtain one
dual-band converter.
The approximate method explained in Section 3.1 is used to obtain the measured S-parameters of both
mode converters belonging to 3D PLA (sprayed) and DMLS-based (metal) manufacturing. For this purpose,
two identical mode converters for each manufacturing technique, and the measurements of the combined setup
are carried out by using two identical mode converters, two Ku-band (WR75) adaptors and Anritsu MS2028C
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Figure 6. Proposed dual-band mode converters manufactured with (a) 3D PLA printer and metal coating spray, (b)
metal 3D printer, (c) the measurement setup for metal 3D printed dual band mode converters attached back-to-back
with 0° and 180° angle values.

Vector Network Analyzer (VNA). Sample photographs are depicted in Figure 6c for the configuration of 0° and
180° cases of two converters manufactured with DMLS metal printer.
Two-port measured S-parameter values are obtained at both TX and RX bands for the back-to-back
connected converters at different angles where measured S21 parameter for 0°, 90°, and 180° cases (rotations)
are given in Figure 7a for manufacturing with 3D PLA printer and metal coating spray, and in Figure 7b for
manufacturing with metal 3D printer. As observed from the results in these figures, the variation of measured
S21 parameter with respect to different angles of back-to-back configuration is quite low especially for metal
3D printer as being lower than 0.4 dB and 0.2 dB at TX band (11.5-12 GHz) and RX band (13.3-14.2 GHz),
respectively. Since S21 parameter is quite insensitive to angle change, the mode propagating in the circular
waveguide with high power level can be stated as T M01 mode, and T E11 mode is suﬀiciently suppressed.

Figure 7. Back-to-back S21 measurement results of (a) PLA and spray coating and (b) metal 3D printer.
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These values obtained from back-to-back measurement are used as input values for the approximate
method. The output values of the approximate method, which give the measurement results of S11 , S21,T E11 ,
and S21,T M01 for the proposed dual band mode converter, are demonstrated in Figures 8a–8c, respectively. The
results in these figures contain measurement results for converter manufactured with first technique (sprayed)
and with second technique (metal 3D), and simulation results obtained with CST Microwave Studio are added
for the comparison.

Figure 8. S parameters of the proposed dual-band mode converter at (a) S11 at TX band (left) S11 at RX band (right),
(b) S21,T E11 at TX band (left) S21,T E11 at RX band (right), (c) S21,T M01 at TX band (left) S21,T M01 at RX band
(right).

For return loss performance given in Figure 8a and suppression performance of T E11 mode given in
Figure 8b, there are some discrepancies between simulation and measurement results such as slight shifts in the
resonance frequencies. These are possibly due to precision errors in manufacturing such that two converters
connected back-to-back in the measurement may not be perfectly identical or two pieces attached to each other
to form one mode converter may even contain slight differences in dimensions. For this purpose, a sensitivity
analysis is done with CST simulations such that the dimensions of the single converter are randomly changed
by ±50 micron, and a surface roughness of 10 micron is added. The simulation results reveal that the shifts in
resonance frequencies at TX band are found to be greater than those of RX band. This fact can be observed
in Figures 8a and 8b. Since two separate resonance frequencies belonging to two nonidentical converters are
distant to each other for TX band, two separate frequency dips can be clearly shown. On the other hand, since
two separate resonance frequencies are relatively close to each other for RX band, flatter responses are obtained
in wider bands than the simulation results instead of providing two separate resonance frequencies.
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As compared to manufacturing with spray coating, the manufactured dual-band mode converter with
DMLS printer has slightly better performance at TX band but remarkably better performance at RX band
in terms of return loss and T E11 mode suppression. DMLS-based dual-band mode converter gives better
than 17.5 dB return loss at TX band of 11.5–12 GHz, and 23 dB return loss at RX band of 13.3–14.2 GHz.
Furthermore, it provides at least 17.5 dB and 25 dB suppression values for T E11 mode in the same frequency
bands, respectively. The manufacturing with 3D PLA printer and spray coating has an acceptable performance
in RX band of 13.5–14 GHz by giving at least 17 dB for both return loss and T E11 mode suppression; however,
its return loss is as low as 13 dB in TX band.
For the insertion loss performance of T M01 mode, the differences between the T M01 mode levels of
both measurement results in Figure 8c are mainly due to the difference in the conductivity of the conducting
materials used in the manufacturing. Insertion losses for T M01 mode are found higher at TX band, which is
an expected result since the frequencies in TX band are much closer to the cutoff frequency of T M01 mode
(about 11.25 GHz) than the frequencies in RX band. The manufacturing with 3D metal printer (DMLS) gives
highly satisfactory results such that at most 0.6 dB loss for TX band of 11.5–12 GHz and at most 0.3 dB loss
for RX band of 13.3–14.2 GHz are obtained. These results are in good agreement with simulation results that
small differences especially at TX band are caused by surface roughness in the manufacturing, which directly
affects the insertion loss of T M01 mode. PLA and spray-based converter gives at most 1.2 dB loss for T M01
mode. However, it has 3 dB insertion loss on the average at TX band, which may not be desired for high power
microwave applications.
The performance of the proposed dual-band rectangular T E10 mode to circular T M01 mode converter is
compared in Table 3 with other rectangular T E10 mode to circular T M01 mode converters in the literature. The
other studies are all single band structures, and their bandwidth ratios of maximum to minimum frequency are
lower than the proposed structure. In [9] and [17], back-to-back measurement results are presented; therefore,
there are no measurement results about the suppression values of the converters in these studies. Among all of
these studies, the converter in [17] can be evaluated to have the closest performance with the proposed structure
such that its performance values (although these values for individual mode converter are not explicitly obtained)
are similar to RX band of the proposed structure. However, the proposed structure provides an additional TX
band. Moreover, its cost and complexity in terms of production, and its compactness are superior to the
structure in [17] whose dimensions are much larger than the proposed structure. The structure in [20] have
similar performance with TX band of the proposed structure; however, the proposed structure has again the
advantage of providing an additional RX band at telecommand applications.
Table 3. The performance comparison of the proposed mode converter with other converters in the literature.

Study
[9]
[17]
[20]
This study

Frequency
band(GHz)
9.4–10
1–13
11.1–11.7
11.5–12
13.3–14.2

fmax /fmin
1.064
1.182
1.054
1.235

S11 (dB)
max

S21 (dB)
T E11 max

S21 (dB)
T M01 min

–15*
–23*
–15.5
–17.5
–23

–16.5
–17.5
–25

–2.25*
–0.18*
–0.6
–0.6
–0.3

*back-to-back measurement
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4. Conclusion
In this study, a compact dual-band rectangular T E10 mode to circular T M01 mode converter and its equivalent
circuit are proposed, designed, and simulated. The converter contains only waveguide (metal) structures to
be suitable for high power telemetry/telecommand applications such as excitation of TT&C slot antennas in
satellite communication. The equivalent circuit model of the proposed dual-band mode converter design for
Ku-band around the center frequencies of 11.75 GHz/TX and 13.75 GHz/RX is extracted by using lumped
elements whose values are tuned at both bands with respect to simulated S-parameters results. In addition, the
mode converter designed is manufactured with 3D printers, and its measurement S-parameters are obtained via
a mode level measurement technique. This technique contains the measurements of back-to-back configuration
and linearization assumptions based on perfect match for each respective mode and negligible insertion loss
for T M01 mode. The perfect match assumption holds; however, mode levels can be estimated closer to the
real values as the insertion loss of T M01 mode becomes lower. Therefore, the proposed method can give more
accurate estimation of the normalized power levels for metal printed mode converter than PLA and spray
coating-based mode converter.
Measurement results for metal printed structure illustrate that the dual-band mode converter gives high
purity circular T M01 mode by giving less than 0.6 dB insertion loss for this mode at TX bandwidth of 500
MHz, and less than 0.3 dB insertion loss at RX bandwidth of 900 MHz. Within the same frequency bands,
return loss being more than 17.5 dB and 23 dB are found, respectively. The suppression for undesired T E11
mode is also measured quite suﬀicient as being more than 17.5 dB and 25 dB at TX and RX bands, respectively.
The proposed dual-band mode converter can be a good candidate to be used in the microwave channels of the
transceiver systems for high power satellite communication applications due to its advantages of compactness,
high power usage and allowing simultaneous operations of transmit and receive (dual-band operation).
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